Creep crack growth data of Inconel 706-MST between 600°C and 700°C are presented i n order to assess the materials suitability for ultra high temperature steam turbine applicat~ons. Hereby, "MST" stands for a heat treatment modification proposed earlier by the authors. It is demonstrated that the creep crack growth resistance can be raised to the level of more creep ductile materials such as Waspaloy and Inconel 617 and that the benefit relative to conventional heat treatment cycles is particularly pronounced at 700°C. The results are interpreted in terms of the precipitation sequence during thermal exposure. 
Introduction
Inconel 706 is a wrought Ni-Fe base superalloy which is widely used in the gas turbme Industry. e.g. for disc applications, because of its balanced manufacturability and elevated temperature strength [I] . Amongst other wrought superalloys such as Inconel 617 and Waspaloy, it is also under consideration for operation in ultra high temperature steam turbines with prospective steam temperatures of about 700°C to 720°C and an anticipated thermal efficiency of approximately 55% [2] . Lnterestingly, the latter application exceeds aerospace requirements in many respects and it is uncertain whether existing wrought superalloys will meet the requirements on manufacturability (ingot size of more than 10 tons), mechan~cai behavior and long term stability to 200000 hours of operation. For this reason. a research project supported by the "Deutsche Forschungsgemeinschaft" was set forth to elucidate the potential of current wrought superalloys with respect to In this article, the focus is on creep crack growth resistance while creep behavior and long term microstructural stability are discussed in papers by Berger et al. and Schubert et al, in this conference proceeding. Creep crack growth is of relevance for steam turbine rotor applications as damage tolerance against initial flaw sizes below the detectability limit of ultrasonic inspection methods is an important design requirement. The heat treatment referred to as direct aging (DA) in this artice (tab. I) leads to uniform precipitation of fine y'ly" particles with dimensions of about 20 nm ( fig. 3b ). In contrast, the stabilization (ST) heat treatment causes q-phase precipitation at grain boundaries during -annealing at 850°C ( fig. 3c,d ). As some of the available Ti, A1 and Nb is consumed, less y'ly"-phase is formed and, in consequence, the yield strength decreases from about 1085 MPa (DA) to 979 MPa in the fully heat treated ST condition. The ST treatment is generally considered as advantageous in applications were long term creep strength rather than yield strength is required because of better microstructural stability and grain boundary decoration with q-phase. This phase is believed to prevent grain boundary cracking. However. the data shown in fig. 2 do not support this expectation as far as resistance against creep crack growth is concerned. Even though there is some benefit, it is insufficient for the intended application. In this context, it is important to consider the influence of the cooling rate from solutioning temperature on microstructure evolution. As shown in fig. 4 , the hardness increases rapidly at cooling rates below about 40Wmin [ l l ] . The interpretation is as follows: At cooling rates of 40Wmin and more, the supersaturated solid solution is frozen in and HVlO = 150 results at ambient temperature. In contrast, slow cooling causes y'1y"-precipitation at around 800°C [lo] so that the hardness increases considerably. One important consequence is that less qforming elements are available for formation of grain boundary precipitates during the stabilization heat treatment. Noting that 4Wmin was selected here for the ST heat treatment in order to reflect the cooling characteristic of large steam turbine components, the failure to substantially improve the creep crack growth resistance becomes understandable. Although discontinuous q-precipitation is observed as mentioned above, there is still a significant fraction of undecorated grain boundaries and, thus, sufficient availability of weak fracture paths. 5 ) as suggested earlier for other reasons by Shibata et al. [12] . It is refered to as modified stabilization (MST) heat treatment. The idea is to prevent premature y'ly"-precipitation upon cooling to ambient temperature so that the volume fraction of 11-phase at grain boundaries is maximized. The concept is supported by creep crack growth measurements at 600°C showing a reduction in the crack velocity by approximately two orders of magnitude [7, 131. However . the behavior at higher temperatures, which are more relevant for ultra high temperature steam turbine applications, has not been given comparable examination. For this reason, creep crack growth behavior of Inconel 706 is studied here at temperatures of up to 700°C. Furthermore, comparison is made to Inconel 617 and Waspaloy as they are competing materials for the above mentioned application. I ). Creep crack growth tests were performed using electromechanical testing machines equipped with a chamber furnace and 1" compact tension (CT) specimen with 2.5 mm deep side grooves according to ASTM E 1457-92 [9] . The fracture surface was oriented in the tangential-radial plane of the forging with crack propagation in radial direction for Inconel 706 and in the longitudinal-long transverse plane for Inconel 617. In case of Waspaloy, crack propagation direction was parallel to the bar axis. All specimen were pre-cracked under fatigue loading at room temperature. The specimen temperature, monitored by a Ni-NiCr thermocouple attached to the specimen surface, was maintained within +3"C during testing. Crack propagation was measured by means of the potential drop technique. The crack length was calculated from the registered potential signal using Johnson's formula (see ASTM E1457-92).
Experimental Procedure
Specimen for microstructural investigations were prepared by mechanical grinding and polishing, followed by etching with a mixture of 100 ml HC1, 10 ml HN03, 0.3 ml Sparbeize (trade name of Wirtz-Buehler GmbH Diisseldorf, Germany) and 100 ml distilled water at a temperature of 40°C. Specimen for transmission electron microscopy (TEM) were cut. punched and jet-polished at -15°C using 30ml ethyleneglycol monobutyl ether, 63 ml ethanol and 7 ml HC104. A Philips CM12 with 120kV acceleration voltage was used.
Results and Discussion

Creep Crack Growth Behavior of Inconel 706
In fig. 6 creep crack growth data of Inconel 706 after DA and MST heat treatment are compared in the temperature range from 600°C to 700°C. Interestingly. there is an acceleration of the creep crack growth rate with increasing temperature for Inconel 706-DA whereas a deceleration is observed for Inconel 706-MST. It leads to an even more pronounced benefit of the MST heat treatment at 700°C compared to 600°C.
. ' lnconel 706 DA 600°C Inconel706 DA 700'C lnconel706MST 600°C In this context, two effects have to be considered, namely environmental embrittlement by ingress of oxygen along grain boundaries and, on the other hand, creep deformation at the 529 crack tip [14] . In cases where crack growth is entirely controlled by the first mechanism (creep brittle materials), the crack propagation rate is expected to increase with oxygen diffusivity, i.e. temperature, provided the type of the oxide scale at the crack surface does not change with temperature. However, the situation is less clear when creep deformation becomes significant. It may lead to an acceleration because of damage accumulation In front of the crack tip or a deceleration as stresses are diminished by crack tip blunting. Inconel 706-DA clearly belongs to the category of creep brittle materials, showing no discernible crack tlp plasticity in the temperature range examined here. This behavior is understandable in view of the extremely high crack propagation rates of up to 100mmh and the fine precipitate morphology, causing high yield strength levels. In contrast, Inconel 706-MST shows signs of creep deformation at 700°C in front of the crack tip ( fig. 7) , even though fracture is still intercrystalline. Thus, two factors appear to be responsible for the observed improvement in creep crack growth resistance. Firstly, it stands to reason that the discontinuous q-precipitates improve grain boundary "locking" and inhibit grain boundary sliding much as carbides do in cast Ni-base superalloys. Secondly, there is a general reduction in yield strength due to microstructure coarsening at 850°C and a local softening of the grain boundary regions as precipitate free zones evolve around q-precipitates ( fig. 3d ). Both factors, the enhancement of the material resistance against crack propagation along grain boundaries and the reduced strength, are responsible for the observed creep ductility in MST condition and it seems that the positive effect (reduction of the crack tip stresses) overrides the material weakening by cavity formation. As mentioned above, the ST heat treatment is significantly less effective than the MST treatment because of incomplete grain boundary decoration with q-phase. 
Comparison with Inconel 617 and Waspaloy
As indicated above, Inconel 617 and Waspaloy are also candidates for application in ultra high temperature steam turbine plants. While Inconel 706 is a typical representative of y'ly"-strengthened wrought alloys, Waspaloy belongs to the class of y'-hardened materials. Inconel 617 is essentially solid solution and carbide strengthened. Amongst the three materials. Waspaloy exhibits by far the highest creep strength but also Inconel 617 is expected to show superior long term strength to 200000 operation hours because of its better microstructural stability [15] . On the other hand, manufacturability is best for Inconel 706. Due to significant solid solution strengthening, forgeability of Waspaloy and Inconel 617 is inferior. Furthermore, freckling is an issue for large Waspaloy components as segregation of aluminum and titanium in the interdendritic liquid tends to cause a density inversion which is the reason for freckling. In view of the intended application it is also of interest to compare the creep crack growth behavior of the three materials which was the motivation for this study.
Creep crack growth data at 700°C are shown in fig. 8 for all three materials. Clearly, Inconel 706-DA is far inferior to Waspaloy and Inconel 617. This is understandable in view of the above discussion because grain boundaries of Waspaloy and Inconel 617 are stabilized by carbides and y'-precipitates (Waspaloy), whereas Inconel 706-DA is devoid of any grain boundary strengthening phase. Considering furthermore that Inconel 617 exhibits the largest grain size (see table 111), highest creep ductility and lowest strength, it also becomes i understandable why this material shows best creep crack growth resistance. Figure 8 also illustrates the huge benefit of the proposed heat treatment modification for Inconel 706. In MST condition, the creep crack growth rate is very similar to that of Waspaloy. Thus. it seems that the various grain boundary strengtheners (carbides, y'-and q-phase) are of similar benefit. From this point of view, Inconel 706-MST seems well suited for ultra high temperature steam turbine applications provided microstructure degradation during long term service is tolerable (see e.g. [15] ).
To understand the effect of microstructure coarsening on creep crack growth resistance, test samples have been heat treated for 5000h/750°C at IfW Darmstadt. The accelerated treatment is roughly equivalent to lOOOOOh at 700°C which is a mid-of-life condition for prospective steam turbine components. Interestingly, Inconel 706-DA-5000h/750°C (= Inconel 706-DA after exposure at 5000h/750°C) exhibits significantly improved creep crack growth resistance. It is a consequence of the microstructural coarsening (reduced strength) and q-precipitation at grain boundaries ( fig. 9) . However, the behavior is still inferior to Inconel 706-MST.
The above result allows two interpretations: one may argue that microstructural coarsening during extended high temperature exposure overrides initial microstructure differences obtained after DA and MST heat treatment. Then, it would be expected that Inconel 706-MST degrades to the properties of 706-DA-5000h/750°C. However, it is also possible that precipitate morphologies differ even after extended exposure. For example, it is imaginable that initial nucleation of y'ly" in the grain interior at 700°C -750°C diminishes heterogeneous q-phase formation at grain boundaries. In fact, it seems that extended exposure at 750°C leads to more pronounced formation of film like precipitates ( fig. 9) Heat treatment effects are less pronounced in case of Inconel 617 and Waspaloy, reflecting their superior microstructural stability in the heat treatment range under investigation. However, the trends appear to be in opposite direction. While crack growth resistance seems to increase somewhat for Waspaloy, fig. 8 indicates a slightly accelerated crack velocity for Inconel 617-5000h/750°C towards high stress intensities. Further tests are underway to verify this first impression. 
Conclusions
The creep crack growth behavior of Inconel 706 was studied in dependence of heat treatment condition and compared to Waspaloy and Inconel 617. It was demonstrated that the so-called MST heat treatment modification, proposed earlier by the authors [7, 131, leads to very satisfactory results over the entire temperature range studied here (600°C to 700°C). Compared to conventional heat treatment conditions, crack velocities are reduced by two to four orders of magnitude and the creep crack growth resistance becomes similar to that of Waspaloy and Inconel 617. "Locking" of the grain boundaries by q-precipitates as well as strength reduction due to microstructural coarsening appear to be the most important factors. Despite these encouraging results, there remain also a number of open issues for applications beyond 600°C. In particular, it is presently unclear whether the creep crack growth resistance of Inconel 706-MST can be maintained after extended operation of up to 200000h. This aspect is currently under further evaluation.
